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Double pulsed gradient spin echo (d-PGSE) experiment has been recently suggested for detecting micro-
scopic anisotropy in macroscopically isotropic samples. This sequence is complex and has many vari-
ables, including, intra alia, combinations of directions and amplitudes of the pulsed gradients, diffusion
times in each of the encoding periods and the mixing time period. The effect of these experimental
parameters of the d-PGSE sequence was studied in an array of water filled microcapillaries of micron
diameters. We found that negative diffractions occur, as indeed predicted by recently published simula-
tions. We also found differential effects of prolongation of the mixing time between collinear and orthog-
onal d-PGSE experiments. The d-PGSE experiment in the collinear direction perpendicular to the long axis
of the cylinder exhibited a marked dependence on the mixing time, while the orthogonal d-PGSE exper-
iment exhibited no such dependence at all. Interestingly, one of the most important predictions by the
simulations was that the d-PGSE sequence could potentially discriminate between compartments of dif-
ferent sizes better than the single PGSE (s-PGSE) and it seems that our experimental results indeed cor-
roborate these predictions.

� 2008 Elsevier Inc. All rights reserved.
1. Introduction

Measurement of translational motion by MR techniques has
provided the ability to non-invasively explore microscopic charac-
teristics of opaque samples. The main advantage of diffusion MR is
that it measures the mean displacement of a species at a given dif-
fusion time in a completely non-perturbing way by directionally
tagging the nucleus of interest [1,2]. In isotropic non-restricted
systems, the mean displacement is proportional to the diffusion
coefficient which, in turn, is proportional to the effective size of
the diffusing moiety and can therefore be used to investigate a
multitude of samples ranging from simple molecules to complexes,
supramolecular systems and complex mixtures of compounds [3–
5]. When the molecules are confined to certain geometries, they
undergo restricted diffusion. Therefore, when the molecule is ob-
served after a sufficiently long diffusion time to probe the bound-
aries of the restricting compartment, only an apparent diffusion
coefficient (ADC) can be obtained from the root mean square dis-
placement (rmsd). Since MR techniques measure the rmsd of mol-
ecules, it is clear that under certain conditions one may be able to
infer from such data the compartment size and shape, which are
usually smaller than the voxel size in MR measurements. Indeed,
diffusion MR was used in recent years to elucidate structure in por-
ll rights reserved.
ous materials [6], polymers [7], and biological tissues, including
white matter (WM) in neuronal tissue [8].

Pulsed gradient spin echo (PGSE) experiments [1,2] have been
used extensively to study molecular displacement in confined
geometries and micro-compartments [6]. One of the most intrigu-
ing observations arising from PGSE experiments is the diffusive-
diffraction phenomenon obtained when the signal decay of spins
undergoing restricted diffusion is plotted against q q ¼ 1

2p � cdG
� �

[9–14].
It was found that the size of the compartment may be extracted

from either the diffraction dip or the probability distribution func-
tion (PDF) obtained after E(q) is Fourier transformed (FT) with re-
spect to q [15]. This is due to the fact that under certain
experimental conditions the diffusion-driven attenuation curve
E(q) holds a Fourier relation with the average propagator PðR;DÞ
[15]. Exact solutions for E(q) have been obtained, over the years,
for important geometries such as arrays of rectangular walls [16],
cylinders, and spheres [11,14,17]. The simulations for these geom-
etries have been corroborated experimentally [18], and even cor-
rected for diverging from the short gradient pulse (SGP)
approximation [13,14,17–19]. The effect of various parameters
has been studied systematically [20,21] and provided insight to
the nature of attenuation profiles. Avram et al. showed that the
rotational angle has a dramatic effect on the loss of diffraction pat-
terns [21]. This study also showed that the structural information
obtained from the diffusion–diffraction dips and from the PDF
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obtained by the Fourier transform (FT) of the signal decay, were the
same [21]. This is important since q-space diffusion MR, which had
been used to study red blood cells [22,23] has recently been used
to study neuronal tissue and WM in the central nervous system,
both in vitro and in vivo [24–32]. In these cases, diffractions were
not observed, probably due to the distribution of axon sizes
[18,27,33]. Most of the applications of diffusion MR and MRI in
material science, biological science and medical science have used
a single PGSE (s-PGSE) experiment. The double PGSE (d-PGSE) se-
quence (Fig. 1) was first proposed in [34] and studied theoretically
by Mitra [35]. The d-PGSE sequence was initially used mostly per-
taining to flow phenomena [36,37], velocity correlation [38] and
suppression of convection artifacts [39]. This sequence has been
shown to enable the detection of local diffusion anisotropy in mac-
roscopically isotropic systems [40] and has recently gained atten-
tion regarding its ability to probe such effects in biological
systems [41,42]. The d-PGSE sequence employs two diffusion sen-
sitizing pairs of gradients, which may be applied either collinearly
or with any angle between them, and are separated by a mixing
time (tm). It was shown that comparison of collinear and orthogo-
nal d-PGSE experiments makes it possible to probe microscopic
anisotropy in macroscopically isotropic samples [40–42]. This has
recently been used to probe anisotropy in gray matter (GM) and
in a GM phantom [41,42].

Very recently, simulations of the attenuation profile of multi-
ple-PGSE experiments in confined geometries have been presented
by Özarslan and Basser [43,44], showing theoretically that some of
the limitations of s-PGSE may be overcome by using the d-PGSE
experiments, most notably the ability to obtain diffractions in sam-
ples comprised of compartments of different sizes, due to the zero
crossings of the signal [43]. This may be of importance, since bio-
logical tissues are characterized by variable sizes.

To the best of our knowledge, a comprehensive study of the ef-
fect of the various parameters of the d-PGSE sequence on the atten-
uation profile in ordered micro-scale systems has not been
preformed yet. The d-PGSE is a versatile sequence with many
parameters that may affect the diffusion–diffraction pattern in
such diffusion experiments. The effect of some of these parameters
on the signal decay in multiple PGSE experiments was theoretically
analyzed by Özarslan and Basser, with intriguing results regarding
the diffusion–diffraction phenomenon [43].

In this study, we sought to reveal the effect of the variation of
the parameters on the signal decay in d-PGSE sequence that had
been performed on a controlled system of water-filled microcapil-
laries. In view of the potential of the d-PGSE experiment to detect
local anisotropy in macroscopically isotropic systems [41,42], we
evaluated the effects of the most relevant parameters, i.e., the mix-
ing time, the different diffusion times and the different pulsed gra-
dients directions (orthogonal and collinear) in the high q regime.
Finally, we studied samples of mixtures of microcapillaries with
different sizes, and compared the results with those of the s-PGSE
experiments.
Fig. 1. The d-PGSE sequence. Two pairs of directionally independent diffusion sensitizing
times of D1 and D2 and are separated by a variable mixing time (tm).
2. Materials and methods

All measurements were preformed on a Bruker 8.4 T NMR spec-
trometer capable of producing up to 190 G/cm in each direction.
The sequence was written in-house and calibrated.

Hollow microcapillaries with diameters of 15, 20 or 29 lm
(Polymicro Technologies, USA) or mixtures thereof were immersed
in water for a period of several days, prior to each experiment. The
microcapillaries were packed into a 4 mm glass sleeve which was
inserted into a 5 mm NMR tube, aligned with the main axis parallel
to the z-direction of the magnet. For mixture samples, microcapil-
laries were counted to comprise the correct volumetric ratio. Typ-
ical linewidths of 5–10 Hz were obtained after shimming.

The d-PGSE experiment is depicted in Fig. 1. The terminology
used in this paper will be s-PGSEi where i indicates the direction
of the diffusion encoding for a single PGSE experiment, and d-
PGSEmn, where m and n indicate the pulse gradients directions of
the first and second diffusion period, respectively, for the double-
PGSE sequence. For instance, a d-PGSExz experiment will indicate
a d-PGSE experiment comprised of diffusion sensitizing gradients
in orthogonal sense where the first pair of diffusion encoding gra-
dients G1 is in the x-direction with gradient duration d1 and diffu-
sion period D1, and the second pair of diffusion encoding gradient
G2 is in the z-direction with gradient duration d2 and diffusion per-
iod D2. In all of the experiments in this study, the amplitudes of the
diffusion sensitizing gradients were chosen to be identical i.e.,
jG1j = jG2j. The mixing time (tm) is defined as the interval between
the end of the first diffusion encoding period and the beginning of
the second diffusion encoding period. It is important to note that
using the sequence shown in Fig. 1, the mixing time cannot effec-
tively be set to 0 and must at least have the length of d1 which in
this study was 2 ms. In combination with echo timing and eddy
current considerations, the minimum mixing time in the present
study was set to 5 ms, and TE1 and TE2 were always chosen to be
unequal, to avoid overlapping echoes.

The data from the experiments were magnitude-calculated to
correct for the negative diffractions that had been obtained (vide
infra). The data were Fourier transformed using OriginLab soft-
ware. Diameters were extracted from either the diffraction dips
(qmin) from the graph of Eq/E0 versus qeff or from the full-width
at half-maximum (FWHM), obtained from the FT of Eq/E0 versus
qeff. The sizes were taken as 1.22/qmin or 1.22�FWHM, respectively
[14,21] to correct for the cylinder geometry of our microcapillaries.

Since we wanted to directly compare the d-PGSE and s-PGSE
methods, and because the first minimum of the d-PGSE signal oc-
curs at the half of the q of the s-PGSE minimum (vide infra), we de-
fined an effective q for the d-PGSE experiment, qeff, such that the
diffractions from the two experiments occur at the same qeff:

qeffj j ¼ 1
2p

cdG1

����

����þ
1

2p
cdG2

����

���� ð1Þ
gradients G1 and G2 are applied for lengths of d1 and d2, respectively, with diffusion
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2.1. Calibration experiment

A �1:1 volumetric tert-butyl alcohol:D2O (Sigma–Aldrich) mix-
ture in a 5 mm NMR tube was used for the calibration experiments.
The measurements were conducted on the non-exchanging methyl
protons. d-PGSE experiments were conducted in 10 collinear,
orthogonal, and polar combinations of directions. Thirteen qeff val-
ues were collected with Gmax = 81 G/cm, d1 = d2 = 2 ms, resulting in
a maximal qeff of 1379 cm�1, D1 = D2 = 100 ms and tm of 100 ms.
The number of scans (NS) was 8.

For the comparison of s-PGSE and d-PGSE, 29 lm microcapillar-
ies were used. The parameters for the d-PGSExx experiment were as
follows: 32 points were collected with Gmax = 100 G/cm,
d1 = d2 = 2 ms, resulting in a maximal q of 851 cm�1,
D1 = D2 = 150 ms and tm of 5 ms. The number of scans (NS) was
128. For the s-PGSEx experiment, 32 points were collected with
Gmax = 100 G/cm, d = 4 ms, resulting in a maximal q of 1703 cm�1,
D = 150 ms. The number of scans (NS) was 32.

2.2. Negative diffraction experiments

In these experiments, ensembles of 29 lm microcapillaries
were used. The parameters of the d-PGSExx experiment were as fol-
lows: a total of 32 q values were collected with, Gmax = 100 G/cm,
d1 = d2 = 2 ms, resulting in a maximal qeff of 1703 cm�1,
D1 = D2 = 150 ms, and tm of 5 or 50 ms, and with NS of 128. The ref-
erence s-PGSEx scan consisted of 32 q values with Gmax = 100 G/cm,
d = 4 ms, resulting in a maximal q of 1703 cm�1 and with
D = 150 ms (sufficiently long to probe the boundaries). The number
of scans was 64.

2.3. The effect of prolonging the mixing time

Experiments were performed on 29 lm microcapillaries. For
the collinear d-PGSExx experiments, 32 q values were collected
with Gmax = 100 G/cm, d1 = d2 = 2 ms, resulting in a maximal qeff

of 1703 cm�1, D1 = D2 = 150 ms, with NS of 128. The mixing time
was varied between 5 and 150 ms. For the orthogonal d-PGSExz,
the same parameters were used, however, in these experiments,
D2 was set to 10 ms.

2.4. The effect of prolonging the diffusion periods

This set of experiments was performed on 20 lm microcapillar-
ies. For both the collinear d-PGSExx and the orthogonal d-PGSExz

experiments, 24 q values were collected with Gmax = 120 G/cm,
d1 = d2 = 2 ms, resulting in a maximal qeff of 2043 cm�1, and tm of
5 ms and the diffusion periods were varied. The NS was 256. The
reference s-PGSEx experiment was conducted with the following
parameters: 32 q values were collected with Gmax = 120 G/cm with
d = 4 ms, resulting in maximal q of 2043 cm�1, D = 100 ms, with NS
of 128. In some s-PGSE experiments, 32 q values were collected
with Gmax = 180 G/cm and d = 4 ms, resulting in a maximal q of
3065 cm�1, D = 100 ms, and NS in these experiments was 128.

The same parameters were used to test the effect of the order of
the gradients used in the orthogonal d-PGSExz and d-PGSEzx exper-
iments on 20 lm microcapillaries.

2.5. Discrimination between sizes in mixtures of two sizes of
microcapillaries

2.5.1. 20:29 lm 1:1 volumetric mixture
The d-PGSExx experiments were conducted with the following

parameters: 32 q values were collected with Gmax = 100 G/cm
d1 = d2 = 2 ms, resulting in a maximal qeff of 1703 cm�1, D2 was
set to 150 ms and D1 was varied. The mixing time was set to
5 ms with NS of 128. The parameters of the s-PGSEx experiment
were as follows: 32 q values were collected with Gmax = 100 G/cm
and with d of 4 ms, resulting in a maximal q of 1703 cm�1, D
was set to 150 ms, and NS was set to 32.
2.5.2. 15:20 lm 3:1 volumetric mixture
The d-PGSExx experiments were conducted with the following

parameters: 32 q values were collected with Gmax = 120 G/cm,
d1 = d2 = 2 ms, resulting in a maximal qeff of 2043 cm�1, D2 was
set to 100 ms and D1 was varied. For each D1 the mixing time
was set to 5, 25 or 100 ms, and NS was set to 160. The parameters
of the s-PGSEx were as follows: 32 q values were collected with
Gmax = 120 G/cm and with d = 4 ms, resulting in a maximal q of
2043 cm�1, and D was set to 110 ms, and NS was set to 64.

For all of the experiments, the signal-to-noise (SNR) ratio of the
first point (q = 0 cm�1) was on the order of several thousands. In all
of these experiments, the echo times were chosen to be the short-
est possible.
3. Results and discussion

3.1. Calibration experiment

First, we sought to determine that our hardware and software
were performing satisfactorily in the d-PGSE experiments. For this
purpose, diffusion of tert-butyl alcohol in a 5 mm NMR tube was
measured. Since this sample is isotropic, we expected the same
attenuation curves when different combinations of diffusion direc-
tions were applied. We tested 10 collinear, orthogonal and polar
combinations of gradients. Fig. 2A shows the normalized signal
attenuation (Eq/E0) versus q2

eff obtained from these experiments. In-
deed, our sequence provided the same results for any combination
of directions, as expected from an isotropic sample.

Fig. 2B shows the signal decay as function of q�a for the d-
PGSExx and the s-PGSEx experiment. As expected [43], the first min-
imum of the d-PGSExx occurs at q�a = 0.61, while the first minimum
of the s-PGSE occurs at q�a = 1.22, which is also where the second
diffraction of the d-PGSExx occurs.
3.2. Negative diffraction experiments

Özarslan and Basser [43] predicted that the attenuation profile
from d-PGSExx experiment should yield negative diffractions when
performed in restricted compartments. Fig. 3 shows the attenua-
tion of the signal from water in the d-PGSExx experiment, with dif-
fusion periods sufficiently long to probe the boundaries of the
29 lm microcapillaries (D1 = D2 = 150 ms). When the mixing time
is minimal (5 ms), sharp negative diffractions are observed
(Fig. 3A). The first diffraction is negative and very strong, whereas
the second (positive) and third (negative) diffractions are much
weaker. We note that the first negative diffraction can be readily
seen even with NS = 1 (data not shown). When the mixing time
is prolonged, the sharpness of the diffractions is somewhat re-
duced (Fig. 3B). The s-PGSEx experiment (Fig. 3C) reveals the stan-
dard positive diffractions observed from these microcapillaries.
Such sharp negative diffractions were also obtained from 15 and
20 lm microcapillaries (data not shown).

Fig. 3 shows that the negative diffraction is stronger and more
sharp than the diffraction in the s-PGSE experiment. The sharpness
of the negative diffractions probably occur because of the zero
crossing [43]. In s-PGSE, the signal at the qmin is significantly atten-
uated, however, in d-PGSE experiments, the zero crossing forces
the signal to be zero. Therefore the diffraction is sharper.



Fig. 2. (A) Calibration of the d-PGSE sequence. Normalized signal decay (Eq/E0) versus q2
eff values of a sample of tert-butyl alcohol in 10 collinear, orthogonal and polar

directions in the d-PGSE experiment. The same linear attenuation which was obtained from all directional pairs indicates that the gradients are well calibrated and that the
sequence is performing properly. (B) Comparison of the signal decay in s-PGSEx (black) and d-PGSExx (red) experiments performed on 29 lm microcapillaries. The signal
decay is plotted versus q�a. The first diffraction minimum of the d-PGSExx experiment occurs at half of that of the s-PGSEx. (For interpretation of color mentioned in this figure
the reader is referred to the web version of the article.)

Fig. 3. Negative diffractions observed in d-PGSExx experiments performed on 29 lm microcapillaries. Signal decay as a function of qeff when (A) tm = 5 ms (B) tm = 50 ms. (C)
The reference s-PGSEx experiment. The vertical display is the same for all figures. Note that the s-PGSE stackplot is plotted versus q.
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3.3. The effect of prolonging the mixing time

Fig. 4 shows the signal decay and the displacement profile ob-
tained from the FT of the signal decay obtained for 29 lm micro-
capillaries in the d-PGSExx experiment (Fig. 4A and B,
D1 = D2 = 150 ms) and d-PGSExz (Fig. 4C and D, D1 = 150 ms
D2 = 10 ms) experiments with several mixing times. We found that
in the d-PGSExx experiments, the signal attenuation is markedly ef-
fected by prolonging the mixing time. The first diffraction dip be-
comes less pronounced as the mixing time is prolonged. The s-
PGSEx experiment yields the first diffraction dip at q = 426 cm�1,
and the second diffraction dip at q = 799 cm�1, which correspond
to a size of 29 and 30 lm, respectively. The d-PGSExx experiment
with the minimal mixing time yields the same first diffraction.
The second diffraction is at qeff = 852 cm�1 which yields a size of
29 lm. However, prolonging the mixing time to 30 ms shifts the
first diffraction dip to qeff = 531 cm�1, from which a smaller size
of 23 lm was extracted, whereas the second diffraction remained
nearly unchanged (Fig. 4A). Further prolongation of the mixing
time results in a gradual loss of the first (negative) diffraction,
but has only a marginal effect on the second (positive) diffraction
which remains at the same q values. The effect of the mixing time
prolongation in the d-PGSExx experiment is summarized in Fig. 4E
(black squares), which shows the sizes extracted from the FT of the
signal decay. Prolonging the mixing times reduces the apparent
size of the compartment and eventually an asymptotic value of
the compartment size is approached. This resembles the effect
anticipated when long diffusion weighting gradient pulses are used
in a s-PGSEx experiment (i.e., long d) [11,18,21,27]. A smaller
apparent size is extracted when the diffusion weighting pulses
are effectively long, as non-negligible diffusion occurs during the
encoding period [11,18,21,27]. Thus, prolonging the mixing time
(tm in Fig. 1) in the d-PGSExx sequence appears as an effective
addition to d, although it is probably due to the loss of correlation
between the diffusion periods. It is interesting to note that the first
diffraction is the one which is sensitive to the prolongation of the
mixing time, and that the second diffraction is unaffected
throughout the experiment, as indeed was predicted by the
Özarslan and Basser [43] paper. This sensitivity is probably due
to the zero crossing between the positive and negative signal.

Prolonging the mixing time in the orthogonal d-PGSExz experi-
ments hardly influences the signal decay or the displacement pro-
file obtained from the FT of the signal decay (Fig. 4C and D).
Although D1 had been set to 150 ms, sufficiently long to probe
the 29 lm boundaries and D2 had been only 10 ms long, only the
second diffraction dip was observed at qeff = 852 cm�1. The results
of the rmsd obtained from the displacement profile from the d-
PGSExz experiment are summarized in Fig. 4E (red circles). The
same effects were also observed from 20 lm microcapillaries (data
not shown).



Fig. 4. Signal decay as a function of qeff at different mixing times (A and C) and the FT of the signal decay (B and D) in d-PGSE experiments performed on 29 lm
microcapillaries. (A and B) d-PGSExx experiments with D1 = D2 = 150 ms with different mixing times. (C and D) d-PGSExz with D1 = 150 ms and D2 = 10 ms at different mixing
times. (E) Summary of the compartment sizes extracted from the d-PGSExx (black squares) and d-PGSExz (red circles) experiments obtained from the displacement profile
(taken as 1.22�FWHM). Note that the s-PGSE results are plotted versus q. (For interpretation of color mentioned in this figure the reader is referred to the web version of the
article.)
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From the comparison of d-PGSExx and d-PGSEzx experiments, it
seems that the motional correlation is retained in the collinear
directions that are perpendicular to the main axis of the microcap-
illary, due to the same restriction that the molecules experience in
both encoding periods. In orthogonal d-PGSE experiments, re-
stricted motion along the x-direction and free diffusion along the
z-direction are indeed not correlated; therefore the correlation is
lost, manifested in the very rapid signal decay and in the indepen-
dence of the extracted size on the tm.
3.4. The effect of prolonging the diffusion periods

Other important parameters that may affect the results of d-
PGSE experiments are the diffusion times D1 and D2. Fig. 5 shows
the effect of changing the diffusion periods in d-PGSE experiments
performed on 20 lm microcapillaries. Fig. 5A and B reveals that in
the d-PGSExx experiments, prolonging the diffusion periods results
in a more efficient probing of the boundaries, until they are probed
completely. When D1 = D2 = 10 ms, a signal decay corresponding



Fig. 5. Signal decay as a function of qeff at different diffusion times (A and C) and the FT of the signal decay (B and D) in d-PGSE experiments performed on 20 lm
microcapillaries. (A and B) d-PGSExx experiments and (C and D) d-PGSEzx experiments with D2 = 100 ms. For all of these experiments, the mixing time was set to 5 ms.
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to non-restricted diffusion is observed. When both diffusion peri-
ods (i.e., D1 and D2) were prolonged to 25 ms, 50 ms, and then to
100 ms, the same second diffraction dip at qeff = 1192 cm�1 which
corresponds to 20 lm was observed. However, the first diffraction
dips in the d-PGSExx experiments were observed at qeff = 851 cm�1

when the experiments were performed with D1 = D2 = 25 ms and
at qeff = 681 cm�1 when the experiments were performed with
Fig. 6. Signal decay as a function of qeff (A) and the FT of the signal decay (B) in orthogon
the experiments with the longer diffusion period in the z-direction and the circles repres
experiments with D1 = 10 ms and D2 = 100 ms (black squares) and the d-PGSEzx experim
experiment with D1 = 100 ms and D2 = 10 ms (green circles) and the d-PGSEzx experimen
was set to 5 ms. (For interpretation of color mentioned in this figure the reader is refer
D1 = D2 = 50 ms, corresponding to sizes of 14 and 18 lm, respec-
tively. For D1 = D2 = 50 ms and D1 = D2 = 100 ms, the same signal
decay was observed, and the same structural parameters were ex-
tracted, indicating complete probing of the boundaries. The s-
PGSEx reference experiment exhibits diffractions at q = 596 and
1192 cm�1 from which a compartment size of 20.5 lm was ex-
tracted. The smaller sizes obtained from the d-PGSExx experiment
al d-PGSE experiments performed on 20 lm microcapillaries. The squares represent
ent the experiments with the longer diffusion period in the x-direction. (A) d-PGSExz

ent with D1 = 100 ms and D2 = 10 ms (red squares). The complementary d-PGSExz

t with D1 = 10 ms and D2 = 100 ms (blue circles). In all experiments, the mixing time
red to the web version of the article.)
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are attributed to the fact that we have used a finite mixing time,
which, in fact, acts as an effective addition to d, thus increasing
the violation of the SGP approximation. Interestingly, once the dif-
fractions occur, it seems that the second diffraction remains con-
stant, whereas the first (negative) diffraction is much more
sensitive to the boundaries.

Prolonging the diffusion period in the z-direction in the orthog-
onal d-PGSEzx experiment, i.e., with D2 = 100 ms in the x-direction
(sufficiently long to probe the boundaries) with the minimal mix-
ing time, reveals a rapid loss of the diffraction patterns (Fig. 5C and
D). When D2 = 5.5 ms, the second diffraction is still observed. How-
ever, the first diffraction is completely lost even at this short diffu-
sion period in the z-direction. The FT plots show an increased rmsd
with increased D2, indicating a ‘free’ diffusion behavior. It seems
that under these experimental conditions, the contribution of the
free diffusion to the attenuation profile apparently supersedes that
of the restricted diffusion in this system. Considering the substan-
tial dephasing of spins in a free diffusion mode, this may be ex-
pected. The rapid loss of the first diffraction indicates the
sensitivity to directional correlation which is probably due to the
zero crossings of the signal [43].

3.5. The effect of changing the order of the diffusion sensitizing
gradients

We also compared the results from d-PGSExz and d-PGSEzx

experiments, performed with one long diffusion period (suffi-
ciently long to probe the boundaries) and one short diffusion per-
iod, with a minimal mixing time of 5 ms. For the d-PGSExz

experiment, where the longer diffusion period comes first and is
in the axis perpendicular to the main axis of the cylinder, a re-
stricted profile is expected. For the d-PGSEzx experiment (where
the diffusion periods remained the same and the directions of
the gradients were swapped) an unrestricted pattern is expected,
as the longer diffusion period is now in the direction of the main
axis of the cylinder. Fig. 6 shows the results of these experiments.
Indeed, for the d-PGSExz experiments with the long diffusion peri-
od in the x-direction i.e., D1 = 100 ms, the attenuation profile and
the displacement profile extracted from the FT of the signal decay
(green circles) showed characteristics of restricted diffusion,
although no diffractions were observed. The size extracted for
the 20 lm microcapillaries was 13.7 lm, that is, smaller than the
compartment size. When the d-PGSEzx experiment was performed
and the long diffusion period was in the z-direction, the contribu-
tion of the free diffusion was much larger, as expected (red
Fig. 7. Signal decay as a function of qeff (A) and the FT of the signal decay (B) of d-P
microcapillaries. The first diffusion period was varied while D2 was set to 150 ms, and
shown. Note that the s-PGSE results are plotted versus q.
squares). The size that was extracted from the displacement profile
obtained from the FT of the signal decay was 32 lm, indeed, much
larger than the diameter of the microcapillaries used in the
experiment.

When we performed the complementary experiments, i.e., the
d-PGSEzx experiment with the long diffusion period in the x-direc-
tion (D2 = 100 ms) (Fig. 6, blue circles), we observed the same sig-
nal decay, as in the d-PGSExz experiment with D1 = 100 ms.
Likewise, we observed the same diffusion characteristics of unre-
stricted diffusion in the d-PGSExz experiment with D2 = 100 ms
(Fig. 6, black squares) as in the d-PGSEzx experiment with
D1 = 100 ms, where the long diffusion periods were in the z-direc-
tion. These data indicate that the order in which the gradients are
applied does not play a role with regard to the signal decay. The
same results were obtained with mixing times of 15 and 30 ms
(data not shown), indicating once more, that the mixing time has
a marginal effect on the signal decay in orthogonal d-PGSE
experiments.

3.6. Discrimination between sizes in mixtures of two different sizes of
microcapillaries

The s-PGSEx has only a limited ability to discern between com-
binations of different sizes embedded within a heterogeneous sam-
ple. Very recent simulations suggested that the d-PGSE sequence
should have increased sensitivity towards such combinations of
sizes. Therefore, we used two mixture samples, a 1:1 29:20 lm
(Fig. 7) and a 3:1 15:20 lm (Fig. 8) samples. Both samples were ini-
tially studied by the d-PGSExx sequence with D1 = D2 = 150 ms, and
D1 = D2 = 100 ms, correspondingly, with the notion that this would
be sufficient to probe the boundaries of both sizes in the two sam-
ples, and obtain increased sensitivity towards the combination of
sizes. However, under these conditions (D1 = D2 = 150 ms, and
D1 = D2 = 100 ms and tm = 5 ms), we did not observe any discrimi-
nation between the compartments, and although the signal atten-
uation had not been identical to that of the s-PGSEx reference scan,
we could not discern the two sizes in each sample (Figs. 7A and B
and 8A and B). However, in the case of the first mixture, when we
set D2 to 150 ms and changed D1 from 6 to 150 ms, while tm was
5 ms, we first observed a gradual appearance of two diffraction
dips, becoming most pronounced at D1 = 50 ms, then a gradual dis-
appearance of the diffraction patterns (Fig. 7A) as D1 was further
increased. The most pronounced diffraction dips were observed
at qeff = 585 and 1011 cm�1, respectively, corresponding to sizes
of 21.0 and 12.0 lm. Interestingly, the ratio of the extracted sizes
GSE experiments performed on a sample containing a mixture of 1:1 29:20 lm
the mixing time was set to 5 ms. The results from the s-PGSEx experiment are also



Fig. 8. Signal decay as a function of qeff (A and C) and the FT of the signal decay (B and D) of d-PGSExx experiments performed on a sample containing a mixture of 3:1
15:20 lm microcapillaries. (A and B) The first diffusion period was varied while D2 was set to 100 ms, and the mixing time was set to 5 ms. (C and D) The diffusion periods
were set to D1 = 6 ms, D2 = 100 ms and the mixing time (tm) was varied as indicated. The results from the s-PGSEx experiment are also shown. Note that the s-PGSE results are
plotted versus q.
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corresponds fairly well with the ratio of 29/20. In both samples, we
could not discriminate between the two sizes from the displace-
ment profile obtained from the FT of the signal decay (Fig. 7B).

In the case of the second mixture, i.e., 3:1 15:20 lm (Fig. 8), the
s-PGSEx showed a bias towards the more abundant size, but the
diffraction was not sharp and clear, and one cannot tell that there
are microcapillaries of two sizes in the sample. The diffraction dip
occurs at q = 958 cm�1, corresponding to a size of 12.7 lm. When
we set D2 to 100 ms while the tm was 5 ms and varied D1

(Fig. 8A and B), we found that when D1 = 6 ms, two diffraction dips
were observed at qeff = 1342 and 1723 cm�1, corresponding to sizes
of 9.1 and 7.1 lm. Interestingly, here again the ratio corresponds to
�20/15. When D1 was further prolonged, the d-PGSExx signal lost
the second diffraction, and the first diffraction shifted to lower q
values to qeff = 1021 cm�1, corresponding to a size of 12.0 lm.
Since we suspected that the effect of prolonging the mixing time
in collinear d-PGSExx experiments corresponds to the effect of
increasing d, we repeated the experiments with different tm values,
as shown in Fig. 8C and D. Prolonging the mixing time reveals a
shift to higher q values which seem to reach an asymptotic value.
These results indicate that indeed, under certain experimental con-
ditions, the d-PGSE experiment can characterize samples with dif-
ferent sizes better than s-PGSE. However, it should be noted that
the diffraction patterns are highly sensitive to the diffusion and
mixing time, and that the sizes that were extracted did not reveal
the actual sizes in the sample (but smaller sizes) probably due to
the effect of the finite length of the pulsed gradients and the
non-zero mixing time.
4. Conclusions

In this paper, we have evaluated the effect of different parame-
ters on the signal decay and the structural information extracted
thereof when the d-PGSE experiment is used to characterize water
filled microcapillaries. We have shown for the first time that neg-
ative diffractions are, in fact, obtained in the d-PGSExx experiments.
We have shown the differential effect of the mixing time in orthog-
onal and collinear experiments, as well as the effect of changing
the diffusion periods, and their order. Indeed, the signal decay
and the structural information that may be obtained by the d-PGSE
are dependant on these parameters. When certain experimental
conditions are met, the structural information obtained from the
d-PGSE experiment may surpass that of the s-PGSE, especially in
the context of mixtures. We have found that under these circum-
stances, the d-PGSE can better characterize samples with a vari-
ance in size. Thus, the d-PGSE sequence may be of importance in
studying non-isotropic diffusion in other systems such as biologi-
cal tissues, as well as heterogeneous materials.
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